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2. Micrococcin is almost insoluble in water. In

ethanol-water mixtures its solubility rises to
> 150 mg./ml. at 70-80% ethanol, then falls to less
than 10 mg./ml. in absolute ethanol.

3. It decomposes at 222-2280. [a]2D = + 1160.
It has a broad absorption in the ultraviolet and
many bands in the infrared. An ethanolic solution
has a strong purple fluorescence in near-visible
ultraviolet light.

4. Both fluorescence and ultraviolet absorption
are reduced by traces of copper and partly restored
by BAL.

5. The molecular weight appears to be somewhat
over 2000, and elementary analysis gave C, 49-495;

H, 4-6; N, 13-9; S, 15.9%. It gives a positive
ninhydrin reaction only after acid hydrolysis, but
this seems to be due to ammonia, not amino-acids.
Nothing is known of its chemical nature.

We are indebted to Miss E. Page and Miss S. Long for
valuable technical assistance throughout this work; to
Mr B. K. Kelly, Director of the Medical Reeach Council
Antibiotics Research Station, Clevedon, and his staff, for
most of the micrococcin; and to Drs Ella M. Barnes and
Kathleen Crawford and their assistants Miss C. King
and Mr D. Jackson for some of the early fermentations.
One of us (H.M.D.) is indebted to the Australian National
Health and Medical Research Council for a personal
grant.
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Metabolic Effects of Electrical Stimulation
of Mammalian Tissues in vitro

BY C. C. KRATZING (Australian National University Scholar)
IBiochemical Laboratorie8, In8titute of Psychiatry (Briti8h Po8tgraduate Medical Federation,

University of London), Maudaley Hospital, S.E. 5

(Received 11 April 1951)

It has been found that electrical stimulation of
slices of guinea pig brain cortex in vitro gives rise to
large increases in the rate of oxygen consumption
and aerobic glycolysis (McIlwain, 1951; Mcflwain,
Anguiano & Cheshire, 1951).

In order to test the scope ofthe new method, as to
whether the response to electrical stimulation is
confined to nerve tissue or is a property of other
tissues, the technique has now been applied to rat
diaphragm, and guinea pig lung and kidney slices.

Isolated whole frog muscle responds to electrical
impulses by increased oxygen consumption which is
several times that of the resting muscle (Meyerhof
& Schulz, 1927; Fenn, 1927; Gemmill, 1934). Also
Millikan (1937) has shown that in vivo cat muscle,
during active contraction, can respire at a rate
nearly twenty times that of the muscle at rest.
Little work has been done to see what response is
made to electrical impulses in vitro by other
mamnmalian tissues.

METHODS

Guinea pig kidney cortex and lung slices, 0-35 mm. thick,
were cut by means ofa Stadie-Rigg's cutter. The thickness of
slices was less than the maximum limit stated by Warburg
(1930) and Field (1948) as being allowable for full oxygena-
tion. Guinea pig-brain cortex slices were cut as described by
Mcllwain & Grinyer (1950). The diaphragms of young rats
ofabout 100 g. were dissected out and the peripheral muscle
portions used. According to Cohen (1949a) the diaphragms
from animals of this size have a thickness of about 0-3 mm.
The procedure in weighing tissues was that described by
Mcllwain (1951).

Krebs-Ringer phosphate solution, as described by Cohen
(1949 b), was used with the concentration ofcalcium reduced
by half to prevent the formation of a precipitate. Glucose
was added to give a concentration of 0-1% (0-0056x).
Media were oxygenated at 37°.
The manometer flasks, of conical shape, were of about

18 ml. capacity; to some ofthem lead-in wires were inserted
(type A, MdIlwain, 1951). The tissues were fixed in small
plastic and silver gauze tissue-holding electrodes (type B,
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Mcllwain, 1951). In most of the experiments, the control
tissues were fixed in similar electrodes. The centre well
contained 0-1 ml. 5N-KOH and paper to absorb C0o. An
experiment was made in stages as follows: (1) a preliminary
equilibration period of 10-15 min.; (2) measurement of
resting 02 uptake over a period of 20-30 min. (period A);
(3) measurement of °2 uptake while the tissues were exposed
to electrical impulses (period B); this treatment was omitted
in the control experiments. The applied voltage was 2-5 V.
(as measured by a moving coil meter) supplied by a variable
transformer run from the 50-cycle a.c. mains. The current
was about 10-25 ma. The greater proportion of this current
was short circuited through the saline and did not pass
through the tissue: this was tested in one instance by the
currents with and without the saline present. The currents
were respectively 13 and 0-1 ma. In a few experiments
alternating pulses from a 2 or 4juF. condenser, charged from
a 12 or 24 V. battery, as described by Mcllwain (1951), were
used as an alternative form ofimpulse. The time constant of
discharge was between 1 and 2 msec.

Lactate was measured by the method of Barker &
Summerson (1941).

RESULTS

Normnal respiration. The means of all initial
(period A) rates of oxygen uptake are given in
Table 1. These include the values for the controls
which were treated in exactly the same way as the
test material in this initial period.

All tissue weights quoted are the initial wet
weights. These have been used in preference to the
final dry weights, for there is evidence (Bach, 1944;
Cutting & McCance, 1946) that leaching of the solid
matter of tissue slices occurs in physiological
salines. In order to compare the rates of oxygen
consumption with those of other workers who
expressed their results upon post-experimental dry
weight of tissue, the dry/wet weight ratios for fresh
slices have been determined. The values are: brain
cortex, 0-16; lung, 0-15; kidney cortex, 0-20;
diaphragm, 0-26. The corresponding rates of oxygen
uptake are shown in Table 1. It is seen that they are

Table 1. Rate of oxygen conummption during initial period

(Incubation at 370 in 0O of slices suspended in modified Krebs-Ringer phosphate solution.)

Animal
Guinea
pig

Guinea
pig

Tissue
Brain
cortex

Lung

No. of
animals

4

Guinea Kidney 6
pig cortex

Rat Diaphragm 12

No. of
deter-

minations
12

Initial oxygen consu
~~~A

(pmol-/g.(
wet wt./hr.) dry
13-1 ±4.9*

52 40-5±1-6

36 123-9±5-2

23 68-8±2-9

VI
rec

mption by
- au

4./mg. (Pi
wt./hr.) dry
10-2 ]

6-0

13-9 ]

alues
*orded
other
ithors
I./mg.
wt./hr.) Reference
12-9 Wollenberger (1947)
11-7 Edson & Leloir (1936)
11-0 Jowett & Quastel (1937)
7-0 Wollenberger (1947)
6-1 Simon, Potts & Gerard

(1947)
6-1 Barron, Miller & Bartlett

(1947)
16-8 Wollenberger (1947)
19-0 Edson & Leloir (1936)

(.mol./g.
wet wt./hr.)

5.9 75.9
46-5

* Standard error of the mean.

Table 2. Oxygen consbumption on exposure to 2-5 V. a.c.

Mean 02 consumption
(,umol./g. wet wt./hr.)

Tissue slices
Brain cortex: a, control tissue

b, exposed tissue
Lung: a, control tissue.

b, exposed tissue
Kidney cortex: a, control tissue

b, exposed tissue
Diaphragm: a, control tissue

b, exposed tissue

No. of -
deter- Initial

minations period
6 72-0

74-2
26 40-5

40-5
18 120-0

127-8
12 64-4

73.4

On exposure
to current

64-4
112-0
41-0
47-1
112-5
120-8
60-7

101-8

Mean
change
(%).

- 8.0±5.2*1+51-0±9-9
+ 2-8±3-1
+ 18-5±4-6
- 6-0±:1-46
- 5-8±1-41
- 5-2±2-46+38:6±6:61

Walaas & Walaas (1950)
Gilmore & Samuels (1949)

Statistical
signicance

of change caused
by electrical
stimulation

S (P<0-01)

S (P<0-01)

NS

S (P<0-01)
* Standard error of the mean.
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S, Significant. NS, Not significant.
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Table 3. Alternating current on respiration of lUng 8lCes

(Slices in modified Krebs-Ringer phosphate solution at 370, exposed to 2-5 V. Figures in corresponding positions in the
table refer to the same tissue slice. The variability as between different slices is probably due to the difficulty of obtaining
a reliable wet weight of the spongy lung slice.)

Respiration during initial period
(,umol./g. wet wt./hr.)

65 24 32 20
42- 37 45 45
32 32 50 38
40 40 33 21
44 37 46 45
41 48 61 43
39 51

Mean 40 5

Respiration on exposure to impulses
(umol./g. wet wt./hr.)

r
85 42 42 23
32 38 53 48
39 30 47 49
57 47 47 33
60 54 57 50
37 44 60 51
49 49

Mean 47-1

7_0

60-

50 -

g40-
0.

820

10 I
2-5 V.

0 20 40 60 80 100
Time (min.)

Fig. 1. The effect of 2 5 V. alternating current on the 02 consumption of rat diaphragm and guinea pig-lung slices in
modified Krebs-Ringer phosphate media. The instantaneous displacement on applying and switching off electric
current is due to ite heating effect (see McIlwain, 1951). Diaphragm: control, 0; exposed, [E . Lung: control, *;
exposed, x.

rather lower than the values recorded by others. This
may perhaps be accounted for by the reduction in
weight due to leaching. There was found to be only
a small difference between the oxygen consumption
ofa tissue held in the electrode and that ofthe same
tissue in free suspension. Four experiments with
diaphragm showed no appreciable difference under
the two sets of conditions. In six experiments with
brain cortex slices, the oxygen consumption of the
tissue held in the electrode was 3% greater, and with
lung slices 12% greater than that of the freely sus-
pended tissue.

Influence of electrical impules on respiration. The
respiration rates ofthe tissues during the passage of
electrical impulses are shown in Table 2. The
statistical significance ofobserved increases over the
normal values has been estimated by the 't' test.

The respiration of brain cortex slices showed a
significant increase (P< 0 01) over the control value
during exposure to impulses. The same was true for
diaphragm. The experiments with lung slices, when
examined as a whole, also showed a significant
increase (P< 0.01). However, in contrast to brain
cortex and diaphragm, which responded to the
electrical impulses in every case, seven of the
twenty-six lung slices showed no increase of
respiration during the passing of the current, while
with the others there was a graduation of response
to a maximum of 75 %.
The individual results are given in Table 3. This

variability of the response of lung is thought to be
due to the presence of varying amount of muscle in
the slices, which were cut from the apex at different
depths. Kidney cortex, a tissue which contains no
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muscle fibres, gaveno response to electrical impulses;
the respiration of both the experimental and the
control slices fell by 6% of their initial rate during
period B.
McIlwain (1951) has reported that stimulation

caused no permanent increase in the rate of oxygen
consumption of brain cortex slices. In the present
experiments the rate was similarly found to return
nearly to its original value in those cases where a
post-stimulation period was run. Examples for
diaphragm and lung are shown in Fig. 1.
The alternative form ofstimulation, by condenser

discharge, was used in some experiments. In two
cases lung slices showed no response, but in a third
a 36 % increase in respiration was recorded. The
respiration of diaphragm increased by 33 % as a
result of condenser impulses. Kidney slices showed
no response. These few experiments confirm the
results obtained with alternating current.

Glycolysis. Mcflwain (1951) has found that
stimulation of brain tissue markedly increases its
aerobic glycolysis. Therefore, it was decided to make
similar tests with the different tissues used for the
experiments on respiration. In order to facilitate
the detection of any increase in glycolysis, the
period of stimulation was arranged to be greater
than half the total time that the tissues were in the
manometric vessels. The results are given in
Table 4.

tissues due to slight mechanical or other damage
without affecting the rate of respiration. In the
present experiments the tissues were handled much
more than those used by Dickens & Simer, and this
may account for the present high rate of glycolysis.
A comparison between slices of kidney cortex sus-
pended freely in the medium and similar slices held
in -electrodes, showed no difference in the rates of
lactic acid formation. Thus it seems that the
electrodes do not increase production of lactic acid
by damage or by preventing adequate gas exchange.
Kidney cortex slices showed no significant change in
lactic acid production as the result of electrical
impulses. Lung slices also were found not to change
their aerobic glycolysis on stimulation. The rate of
formation of lactic acid by brain cortex slices in
control experiments as well as the increasesproduced
by stimulation are within the range reported by
Mcllwain et al. (1951).

DISCUSSION

Fromthe above experiments it canbe seen that there
are definite metabolic responses to electrical stimu-
lation in vitro by both brain and diaphragm; a
smaller response by lung and no response by
kidney cortex. The lack of response by kidney
suggests that the positive responses of other tissues
are not due to some general reaction of the electric

Table 4. Increase in lactic acid produwtion by tissues on exposure to etectrical imputses
(All tissues suspended in modified Krebs-Ringer phosphate solution, pH 7-4, under 02 at 370, exposed to 2-5 V. a.c.)

No. of
pairs of
deter-

Tissue minations
Brain cortex 4
Lung 13
Kidney cortex 7
Diaphragm 9

Total
experimental

time
(min.)
90-95
95-100
90-95
80-90

Period of
exposure
(min.)
50-60
55-60
50-60
50

Mean production
of lactic acid by
control slices
(jmol./g.

wet wt./ experi-
mental time)
45-0±6-3
40-5±4-0
41-6±7-0
22-6±4-3

Mean production
of lactic acid by
exposed slices

(.mol./g.
wet wt./experi-
mental time)
70-2±4-0
38-2±7-3
46-6±4-2
33-1±4-8

5, Significant.

Lactic acid production by the control portions of
diaphragm was greater than that reported by
Gilmore & Samuels (1949), and Walaas & Walaas
(1950), but in tissue slice experiments, lactic acid
production can vary greatly with tissue/fluid ratios
and with the duration of the experimental period.
The stimulating current produced further amounts
oflactic acid; the percentage increase was 47 %. The
production of lactic acid by the control slices of
kidney cortex was higher than had been expected on
the basis of earlier observations of Dickens & Aimer
(1929) who found that kidney cortex produced only
traces of lactic acid under aerobic conditions. They
stated that aerobic glycolysis can be caused in

NS, Not significant.

current. Curtis & Cole (1947) state that most organs

of the body are not harmed by even a prolonged
application of an alternating electric current and
some organs, for example liver, show no measurable
reaction to such a current. The failure of kidney to
respond in the present experiments may have been
due to two causes; either the tissue was totally un-
responsive, or the impulses used were not suitable.
However, impulses with various characteristics
have been used without success, and it appears

likely that the tissue was unresponsive, at least by
the criteria so far used to measure response.

It would seem that, apart from brain tissue, a

metabolic response to electric impulses occurs only

Mean
change
(%)
+56
-6
+13
+47

Significance
of increase
S (P <0-05)
NS
NS
S (P<0-05)

256 195I
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ifmusclefibres arepresent. Diaphragm is amuscular
tissue and lung contains muscle fibres while kidney
contains none. This is further bome out by some
preliminary experiments using heart slices, where
a response was found, and liver or testis which
showed none.
The oxygen consumption of rat diaphragm has

also been increased by the action of chemical
stimulants. Gordon & Heming (1944) found that
injection of thyroxine into rats raised the oxygen
consumption of the excised diaphragm by 29%
from their normal respiration level of 5x6 pl.
oxygen/mg. dry weight tissue/hr. A similar response
was obtained by Gemmill (1947) on incubating rat
diaphragm with theobromine derivatives. Caffeine,
for example, raised the respiration by 29% from a
basal rate of 53 ,mol./g. wet weight tissue/hr. In
assessing the results ofthe present experiments with
rat diaphragm these results are of value in showing
that under somewhat similar conditions to those
used here, rat diaphragmis able to respond to several
forms of stimulation.

SUMMARY

1. Tissue slices ofguinea pig-brain cortex, kidney
cortex and lung, and portions ofrat diaphragm have
been exposed to fluctuating electric currents in
vitro.

2. These caused a mean increase of 51 % in the
rate of brain cortex respiration and an accompany-
ing increase of 56% in aerobic glycolysis.

3. The mean increase in the respiration of
diaphragm was 39 %/0 with an increase of 47% in
aerobic glycolysis.

4. The impulses increased respiration of lung
slices by 19 %,but gave no increase in aerobic glyco-
lysis.

5. No response to the impulses was obtained with
kidney slices.

I wish to thank Dr H. Mdllwain for the helpful advice and
criticism he has given during the course ofthese experiments
and to Miss S. Russell for her technical assistance. In
addition, I wish to thank Mr D. K. Hill for his comments on
the manuscript.
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